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ABSTRACT
The purpose of th is  study was to determine the relationsh ips 
between selected gear features and d isto rtions due to heat treatm ent. 
An extensive review of the l ite ra tu re  indicated th a t studies on gear 
d isto rtions were mainly m etallurgically  orien ted , and the re la tio n ­
ships between gear geometrical features and dimensional d isto rtions 
due to  heat treatment had not been investigated.
This investigation obtained data from actual gear size  ad just­
ments th a t had been collected from many years of experimentations a t  
the John Deere Component Works (JDCW), Waterloo, Iowa. Gear data 
were converted to uniform f i le s  and were c la s s if ie d , re trieved , and 
analyzed by computerized systems. Two groups of gears (helical and 
spur) were selected and analyzed. Each group contained gears made 
of a sim ilar grade of steel and received sim ilar heat treatm ent.
The selected gear features included:
1. Working pressure angle (cu tter pressure angles were used 
for spur gears).
2. Helix angle (helical gears).
3. Diametral pitch (module).
4. Tooth width.
5. Outside diameter.
6. Bore.
7. Internal spline number of tee th .
8. Internal spline pressure angle.
9. Internal spline module.
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10. Approximate body/tooth volume ra tio  (a ra tio  of the amount 
of a gear body th a t was exposed to one gear too th).
Dimensional d isto rtions due to heat treatment were the d if fe r ­
ences in measurements taken before and a f te r  heat treatm ent. These 
measurements were taken from the following dimensions:
1. Tooth thickness.
2. Lead top and bottom.
3. P rofile  r ig h t and l e f t .
4 . Crown top and bottom.
5. Outside diameter.
6. Bore.
7. Internal spline tooth thickness.
Eleven major research questions for helical gears and 10 major 
research questions fo r spur gears were addressed. Each research 
question had one to nine sub-questions th a t inquired the rela tionship  
between one gear feature and one dimensional d is to rtio n . Answers to 
these research questions were presented in graphic form with 
s ta t i s t ic a l  findings. The graphic analyses included sc a tte r  diagrams 
presenting the dimensional d isto rtions fo r each gear fea tu re . The 
m ultiple regression s ta t is t ic a l  method was used to determine the 
correlation  coeffic ien t for each gear feature and each dimensional 
d is to rtio n . In addition, step-wise m ultiple regression was used to 
determine the relationship  of a single dimensional d isto rtion  and a 
se t  of gear featu res.
For helical gears made of standard steel with a grade number 
of 1524 th a t had been carburized and quenched in hot or cold oil
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sign ifican t (£  < .05) correlation coefficien ts were found. These 
sign ifican t correlation coefficien ts were between: (a) gear working
pressure angle, module, tooth width, outside diameter, bore, 
approximate body/tooth volume ra tio , and tooth thickness d is to rtio n , 
and (b) approximate body/tooth volume ra tio  and internal spline 
tooth thickness d is to rtion .
S ignificant (jj < .05) correlation coefficients were also found 
for spur gears composed of standard steel with a grade number of 1518 
th a t had been carburized, slow cooled, received induction heating of 
the tee th , and quenched in cold o i l .  These sign ifican t correlation 
coefficien ts were between: (a) gear outside diameter, approximate
body/tooth volume ra t io , and tooth thickness d is to rtio n , and (b) 
cu tte r  pressure angle and p ro file  d is to rtio n . The answers to the 
research questions th a t had sign ifican t correlation coefficients 
were presented graphically, augmented by s ta tis t ic a l  findings. Each 
graph included the line  of "best f i t "  showing the relationship  of 
one gear feature and a dimensional d is to rtio n . The values fo r the 
slope and the in tercept of the line  of best f i t  were also provided.
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1CHAPTER I 
INTRODUCTION
Predicting and controlling gear d isto rtion  due to heat treatment 
is  a costly  problem th a t gear manufacturers face daily . As more 
e ff ic ie n t automobiles and farm equipment are mandated, more compact 
parts w ill be needed. Consequently, gear tolerances will grow smaller 
and gear size d isto rtions w ill become more c r i t ic a l  and more expensive 
to contro l. Several methods are available to reduce gear d isto rtion  
due to heat treatment such as: (a) martempering, (b) f ix tu rin g , and
(c) press quenching (Lyman, 1980). These methods, however, add to 
the cost of gear production.
Fugio and Aida (1980) sta ted  th a t there are two available 
"countermeasures" for gear d is to rtio n . The f i r s t  method, usually 
preferred fo r small production, employs hobs with teeth made of 
material such as tungsten-carbide to remove the amount of d isto rtion  
a fte r  the heat treatm ent. The second method, used in mass production 
of gears, requires the modification of gear size prior to heat 
treatm ent. Modifying the size of a gear p rio r to heat treatment 
demands su ffic ie n t knowledge about the behavior of th a t gear in the 
heat treatment process. A gear size th a t has been modified p rior to 
heat treatment should have a predictable amount of d isto rtion  and 
fa ll  within the required specifications a f te r  the heat treatm ent.
This size  modification would eliminate the need fo r machining a f te r  
the heat t r e a t  process and re su lt in considerable savings.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
2For gears made of sim ilar material (th a t received the same heat 
treatm ent), the amount of d is to rtio n  is  mainly influenced by the 
gear's  geometry and mass d is tr ib u tio n . The geometry of a gear 
includes a variety  of fea tu res , some o f  which may be standard, such 
as number of tee th , outside diameter, pressure angle, tooth thickness, 
and tooth width. Other features may be unique to  a p a rticu la r gear 
(e .g . ,  holes, indentations, and bores). The uniqueness of such 
features increases the complexity and unpred ictab ility  of gear 
d is to rtio n  during heat treatm ent. Lyman (1980) suggested th a t there 
are other factors th a t also a ffe c t gear size d is to rtio n s . These 
factors include (a) residual s tre ss  in the part p rio r to  heat 
treatm ent, (b) methods of loading and fix tu ring  of parts during the 
heat t r e a t  process, (c) quenching medium, (d) quenching temperature, 
and (e) chemical composition of the m aterial.
The modified size of a part p rio r to  heat treatment is  called 
"green s iz e ."  For parts with unique fea tu res, the green size  is  
usually determined by using the t r ia l  and e rro r method. In the t r ia l  
and e rro r method, the green size  of gears w ill change for each t r ia l  
as determined by the amount of d is to rtion  in the previous t r i a l .
This process is  repeated un til the size of the gear, a f te r  the heat 
treatm ent, meets the desired specifica tions. Lyman, in reference 
to a varie ty  of experiments, concluded th a t gears composed of sim ilar 
material and subjected to the same heat treatment w ill not always 
d is to r t  in the same manner. Accordingly, the most meaningful 
d isto rtion  data are obtained by measuring identical gears composed 
of sim ilar material and subjected to  the same heat treatment (1980).
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3Statement of the Problem
What are the relationships between selected features of helical 
or spur gears and size d is to rtions due to  heat treatment?
Purpose of the Study
The specific  purpose of th is  investigation was to  determine the 
rela tionsh ips between selected features of helical or spur gears and 
size  d is to rtio n s due to heat treatm ent. This study obtained and 
analyzed information on gear size changes th a t had been collected 
from years o f experimentation (including size  adjustments) from the 
Gear and Heat Treat Division a t  the John Deere Component Works (JDCW), 
Waterloo, Iowa. The selected gear features investigated in th is  study 
included:
1. Working pressure angle (cu tte r pressure angles were used for 
spur gears).
2. Helix angle (fo r helical gears).
3. Diametral pitch (module).
4. Tooth width.
5. Outside diameter.
6. Bore.
7. Internal spline number o f tee th .
8. Internal spline pressure angle.
9. Internal spline module.
10. Approximate body/tooth volume ra tio .
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4Gear size d isto rtions re fe r to the measurement differences of 
gear dimensions obtained before and a fte r  the heat tre a t process.
The following gear dimensions were included:
1. Tooth thickness.
2. Tooth top and bottom lead.
3. Tooth righ t and le f t  p ro file .
4. Tooth top and bottom crown.
5. Outside diameter.
6. Bore.
7. Internal spline thickness.
Significance of the Problem
One method to compensate for gear size d isto rtions due to heat 
treatment is  to  modify the size of the gear p rior to  the heat t r e a t­
ment. This gear modification allows dimensions to d is to r t to  a 
predictable amount and fa ll  within the desired specifications.
Because of the complexity of the factors affecting gear d is to rtio n , 
each new gear requires a number of t r ia l s  (p ilo t lo ts )  in order to 
p red ict the dimensions of th a t gear a f te r  heat treatm ent. Although 
th is  method is  favored in mass production of gears, i t  is  often 
expensive and time consuming.
In a t r ia l  and e rro r method, specific  dimensions of a group of 
gears in a p ilo t lo t  are measured before and a fte r  the heat treatment. 
For new p a rts , the cost involved in these measurements may include 
the purchasing of new gages and measurement instruments in addition, 
to labor and time expenditures. The dimensions measured fo r each
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
5gear before and a fte r  heat treatment include: (a) tooth thickness,
(b) tooth lead measurements, (c) tooth p ro file  measurements, (d) tooth 
crown measurements, (e) outside diameter, and (f) bore measurements.
In gears with in ternal sp lines , the spline thickness is  also measured. 
Problems a rise  when these measurements do not d is to r t  a t  the same 
ra te  or in the same d irec tion . For instance, modifying the gear 
tooth thickness p rio r to the heat treatment may bring the size of 
the tooth thickness within the specification  a fte r  the heat treatm ent. 
This m odification, however, may cause the tooth lead to d is to r t  and 
fa ll  outside of the desired specifica tions.
I f  relationships between features of gears and d isto rtions were 
b e tte r understood, the number of t r ia l s  could be reduced and thus 
re su lt in considerable production effic iency .
Research Questions
For each group of helical and spur gears, the following research 
questions were investigated:
1. What are the relationships between gear tooth working 
pressure angle and d isto rtion  in terms of tooth thickness, lead, 
p ro file , crown, and outside diameter?
2. What are the relationships between gear tooth helix angle
(in helical gears) and d isto rtions in terms of tooth thickness, lead,
p ro file , crown, and outside diameter?
3. What are the relationships between gear module and d isto rtion
in terms of tooth thickness, lead, p ro file , crown, and outside
diameter?
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64. What are the relationships between gear tooth width and 
d is to rtio n  in terms of tooth thickness, lead, p ro file , crown, and 
outside diameter?
5. What are the relationships between gear outside diameter
and d is to rtion  in terms of tooth thickness, lead , p ro f ile , crown,
and outside diameter?
6. What are the relationships between gear bore and d isto rtion
in terms of tooth thickness, lead, p ro f ile , crown, bore, and outside
diameter?
7. What are the relationships between body/tooth approximate 
volume ra tio  and d is to rtion  in terms of tooth thickness, lead, 
p ro f ile , crown, bore, and outside diameter?
8. What is  the relationship  between internal spline number of
teeth  and spline tooth d isto rtion?
9. What is  the relationship  between internal spline pressure 
angle and spline tooth thickness d isto rtion?
10. What is  the relationship  between spline module and spline 
tooth d isto rtion?
11. What is  the relationship  between gear body/tooth approximate 
volume ra tio  and in ternal spline tooth d isto rtion?
Limitations
This investigation was lim ited by the following:
1. The size of the data base consisted of 211 p ilo t  lo ts  of
helical gears and 179 p ilo t  lo ts  of spur gears. Although some groups
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of gears contained su ffic ien t p ilo t  lo ts ,  other groups of gears 
contained minimal information.
2. The lack of uniformity in the number of d is to rtio n  measure­
ments in each p ilo t  lo t .  Not a ll p ilo t lo ts  included a ll  the seven 
c rite r io n  variables used in the study.
3. The possible human interventions between the gear p ilo t  lo t 
t r i a l s .  Occasionally between two t r i a l s ,  the p ilo t  lo ts  may have 
received some form of unaccounted treatments (e .g .,  changes in the 
method of loading parts in the furnace). Such treatments were not 
recorded and may account for some of the dimensional d isto rtions of 
gears in the p ilo t  lo ts .
Delimitations
The study was delimited by the following:
1. Independent helical and spur gears with an internal bore or 
sp line .
2. Records of gear m aterials (s tee ls  with grade numbers 1518 
and 1524) used a t  the John Deere Component Works in the production 
of helical and spur gears.
3. Records of heat treatment (9, 10, and 30) used a t  the John 
Deere Component Works in the production of helical and spur gears.
4. Two groups of gears (helical and spur) th a t contained the 
la rg e s t number of available p ilo t  lo ts . Specifica lly , these included
(a) helical gears made of steel grade 1524 th a t were heat treated  in 
the process 10 with hot or cold o il as the quenching medium, and
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(b) spur gears made of steel grade 1518 th a t were heat treated  in the 
process 10 with cold o il as the quenching medium.
Assumptions
This investigation was predicated on the basis of the following 
assumptions:
1. Standard gear m aterials supplied by several vendors to  the 
John Deere Component Works for manufacturing gears were sim ilar in 
composition.
2. Differences in furnace fuels used to generate heat for 
sim ilar heat t r e a t  processes did not a ffec t gear d is to rtio n s.
3. Each heat treatment process was uniform.
Definition of Terms
The following is  a l i s t  of terms th a t are defined as used in 
th is  investigation :
Approximate body/tooth volume ra tio  is  the approximation of a 
value th a t is  obtained by dividing the volume of a portion of the 
gear body by the volume of one gear tooth. (See Appendix A for 
procedures used to  estab lish  th is  r a t io .)
Diametral pitch is  an indicator of the number of gear teeth  per 
un it of pitch diameter. I t  is  the ra tio  of the number of teeth  to 
the pitch diameter in inches (Martin, 1982).
Fixturing is  a method of controlling gear d isto rtions due to 
heat treatm ent th a t usually requires spec ifica lly  designed and 
constructed fix tu re s . Fixturing also occupies furnace space and 
increases the cost of the heat t r e a t  process (Lyman, 1980).
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9Independent helical or spur gears are gears th a t have a bore or 
an internal spline and are not part of a shaft or used in combination 
with other parts .
Martempering is  a process in which the component is  heated above 
the c r it ic a l temperature and then quenched in a liqu id  s a l t  bath 
(Ross, 1977). Martempering is  the le a s t expensive method for 
decreasing d isto rtions (Lyman, 1980).
Module is  the ra tio  of pitch diameter to the number of gear 
teeth  recorded in m illim eters (Martin, 1982).
Multiple regression analysis is  a general s ta t is t ic a l  technique 
where the relationships between a dependent or c rite rio n  variable and 
a se t of independent or predictor variables are analyzed (Nie, Hull, 
Jenkins, Steinbrenner, & Bent, 1975).
Pitch c irc le  is  the path of the point of contact between a gear 
tooth with another gear tooth (Martin, 1982).
Pitch diameter is  the diameter of the pitch c irc le  (Martin,
1982).
Press quenching is  the most e ffective  method fo r reducing 
d isto rtions in which parts are held pressed while being quenched.
This method adds d ras tica lly  to the cost of the heat t re a t  process 
(Lyman, 1980).
Size d isto rtion  is  the growth or shrinkage of the various 
dimensions of a gear due to the heat t r e a t  process.
Tooth crown is  the increase of tooth thickness a t  the center of 
the tooth. A crowned gear tooth eliminates the danger of concentrated
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loads on the ends of the tooth where they are most vulnerable (Bergi, 
1962).
Tooth helix angle is  the angle between c ircu la r pitch and normal 
c ircu la r pitch (Hardison, 1979).
Tooth lead is  a measurement to determine the alignment of the 
gear tooth across the face width (Beam, 1962).
Tooth pressure angle is  the angle between the line  of action 
and a perpendicular to the line  th a t connects the center of two gears 
(Hardison, 1979).
Tooth p ro file  is  the curve of in tersection  of a tooth surface 
normal to the pitch surface (Dudley, 1962).
Tooth thickness is  the thickness of the gear tooth as measured 
along the pitch c irc le  (Hardison, 1979).
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CHAPTER II 
REVIEW OF LITERATURE 
Introduction
An extensive search of the l i te ra tu re  indicated th a t studies 
dealing with gears have been mainly concerned with the m etallurgical 
aspects of s ize  d is to rtio n . Metallurgical studies have investigated 
methods of improving mechanical properties of gears and/or methods 
of preventing gear surface cracks (extreme d is to rtio n s) . No stud ies, 
however, used actual gears in investigating the relationships between 
geometrical features and size  d is to rtio n  due to  heat treatm ent.
The few studies th a t did investigate  gear features and 
d is to rtio n s  used round stee l bars and generalized these findings 
to predict the behavior of gears. The findings of these studies 
are of l i t t l e  value to  the manufacturer of complex gears in an 
industria l se ttin g .
Gear D istortion
Gear d is to rtio n  refe rs to dimensional changes in gears a f te r  
heat treatm ent. Numerous fac to rs may a ffe c t the extent of gear 
d is to rtio n  th a t takes place during the heat treatm ent process.
These fac to rs include: (a) mass d is tr ib u tio n , (b) geometry, (c)
chemical composition of m ateria l, (d) type of heat treatm ent, (e) 
type of quench medium, (f) residual s tre sses  before and a fte r  heat 
treatm ent, and (g) methods of loading and fix tu ring  gears during 
the heat treatm ent process (Lyman, 1980).
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None of the investigations studied a ll  the influencing factors 
th a t may a ffe c t gear d is to rtio n s . However, individual factors 
affecting  the mechanical properties of gear m aterials have been 
reported.
Yamaguchi, Fukue, and Shigematsu (1969) studied the effects of 
mass d istribu tion  and the cooling ra te  of steel in heat treatment 
using d iffe ren t quenching mediums. This study reported th a t the 
cooling ra te  of a steel substance in heat treatment can be studied 
as a problem of heat conduction within a so lid . The study determined 
the heat tran sfe r coeffic ien t of steel surfaces using a variety  o f  
experiments. The experimental findings were verified  by theoretical 
calculations and a rela tionship  was established between the steel 
bar diameter and cooling ra te . These findings indicated th a t "the 
differences in cooling ra tes due to cooling conditions such as o i l ,  
water, and j e t  water cooling decreases as the steel diameter is  
larger" (p. 7 ). On the other hand "when steel diameter is  small, 
cooling ra te  is  greatly  affected by cooling conditions (quenching 
mediums) and the e ffe c t is  remarkable when the round steel bar 
diameter is  smaller than 50 m illim eters" (p. 8 ).
Yamaguchi e t  a l .  (1969) found th a t the cooling ra te  resu lts  were 
sim ilar when water and j e t  water were used as quenching mediums.
From th is  finding, i t  was presumed th a t j e t  water quenching had 
sim ilar re su lts  as water quenching on the cooling ra te  of s te e l.
Korablev and Reshetov (1970) studied the e ffec t of chemical 
composition of steel on the mechanical properties of (heat treated) 
gears. The study reported th a t "chemical composition of steel
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d irec tly  affects (a) the properties of surface layer and core, and 
(b) the d istribu tion  of residual stresses in hardened gears" (p. 8 ). 
The study found th a t fo r s tee ls  with high nickel content, an increase 
of hardness (accomplished by heat treatment) led to a lowering of 
an tiburr properties. The investigation also presented a rationale 
th a t explained why a number of American plants generally do not use 
nickel steel in gear production. The study concluded th a t "the 
supporting power and r e l ia b i l i ty  of gears is  determined mainly by 
type and conditions of th e ir  chemical-heat treatment and final 
machining and to a smaller degree by the chemical composition of 
s tee l"  (p. 13).
Sarikaya (1979) also investigated "the effects of alloying 
elements and heat treatment on the m icrostructural changes of stee ls"  
(p. 7 ). In th is  investigation two d ifferen t steel a lloys, containing 
nickel (NI) and manganese (MN), were studied a fte r  various heat 
treatm ents. The study analyzed the amount of surface fractures of 
each alloy a t  various tempering temperatures. The findings indicated 
th a t the frac tu re  surface of trea ted  s tee ls  in the "as-quenched" and 
200 degrees centigrade tempered conditions had larger dimples and 
some "quasi-cleavage" occurring in steel containing MN than steel 
containing NI. Changes in the fracture  of both s te e ls , particu larly  
the MN s te e l ,  increased sharply a t  tempering temperatures above 300 
degrees centigrade.
Residual s tre ss  p rior to heat treatment affects gear behavior 
a f te r  heat treatment (Lyman, 1980). These stresses are normally 
the re su lt of a cold working process th a t is  often used in gear
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making. Cold working is  done to hold close tolerances and obtain 
good surface fin ishes and also to enhance the physical properties 
of gear material (Doyle, 1969). When enough s tress  is  applied to 
deform the la t t ic e  of the material permanently, the atoms of th a t 
material do not return to th e ir  original positions and re su lt in 
"p lastic  deformation" (p. 11). No investigation indicated the 
effec ts  of residual s tre ss  of gears on d isto rtion  a fte r  heat t r e a t ­
ment.
Gears and other steel products are heat treated  to e ith e r: (a)
increase hardness, (b) remove residual s tre sse s , or (c) reduce 
hardness (Ross, 1977). Hall (1972) studied the effects of heat 
treatment on the mechanical properties of nickel a lloys. A variety  
of nickel alloys were subjected to cold working as well as hot 
working and were then heat treated  to study the mechanical properties. 
Hall concluded th a t fo r nickel a llo y s, the strength imparted by cold 
working diminishes and tends to disappear when the material is  used 
a t elevated temperatures.
The method of loading and fix tu ring  of parts in the furnace is  
described as a fac to r influencing gear d isto rtions (Lyman, 1980).
The methods of loading and fix tu rin g , however, are unique to the 
type of p a rts , number of parts being loaded, and operational conditions 
of d iffe ren t manufacturers. Gears may be stacked in a basket or hung 
over certa in  fix tu res fo r heat treatm ent. A varie ty  of especially  
designed containers may also be used to  properly expose parts to a 
uniform treatm ent. None of the investigations reported information
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concerning the loading and fix turing  of gears, or the effects tha t 
these methods may have had on gears during heat treatm ent.
D istortion Control 
Several methods could be used to control gear d is to rtio n s. These 
methods include: (a) martempering, (b) fix tu rin g , (c) press quenching
(Lyman, 1980), (d) remachining of gears a fte r  heat treatm ent, and (e) 
predicting the size d is to rtio n  and adjusting the size of the gear 
p rio r to heat treatment (Fugio & Aida, 1980). Martempering, fix tu rin g , 
and press quenching are added procedures to the heat treatment process. 
These procedures were investigated in studies of heat treatment and 
mechanical properties of steel m aterials.
The remachining of parts a f te r  heat treatment (to shave o ff 
dimensional d isto rtions) is  not a method of controlling d isto rtion  
because i t  does not prevent d is to rtio n s , but removes d isto rtions 
a f te r  heat treatm ent. The prediction of the amount of size change 
and the adjustment of gear size fo r th a t amount prio r to heat 
treatment is  a method th a t has been investigated.
According to Fugio, Aida, and Masumoto (1977a), “there are few 
quantita tive  and theoretical studies on the d is to rtions or on the 
generating mechanism of residual stresses caused by hardening"
(p. 1051). The reasons reported were "in the complexity of gear 
shapes and in the d iff ic u lty  to  obtain some ch arac te ris tic s  and 
behaviors of m aterials a t high temperatures" (p. 1051).
Fugio e t  a l .  determined the heat tran sfe r c o effic ien t, the 
thermal expansion co effic ien t, and stresses during the quenching
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process of a steel cylinder. I t  was determined that the calculated 
coefficien ts and stresses "agreed well with the experimental ones 
quantita tively  and qualita tively" (p. 1058). The study concluded that 
the findings would he "applicable to the calculation of the deforma­
tion and residual stresses of hardened gears" (p. 1058).
In a second report, Fugio e t a l .  (1977b) applied the findings 
of the f i r s t  study to the calculation of hardening d isto rtion  of a 
standard gear with: (a) module = 13 m illim eter, (b) number of teeth =
16, (c) c u tte r  pressure angle = 20 degrees, and (d) face width = 200 
m illim eter. The findings indicated th a t the d isto rtions of gears 
having a complex shape caused by "through-quenching" can be obtained 
analy tically  by using the findings obtained from studying steel 
cylinders (p. 1662). The study concluded, however, th a t the findings 
were applicable to lim ited cases of the through-quenching process and 
may not hold true for other processes.
Summary
The review of l ite ra tu re  discussed: (a) gear d isto rtions and
(b) d is to rtion  contro ls. I t  was noted th a t the majority of investiga­
tions were m etallurgically  oriented. Furthermore, these investigations 
used round steel bars or steel cylinders to determine d isto rtions due 
to heat treatm ent. One investigation by Fugio e t  a l .  (1977b) studied 
the behavior of an actual gear. However, the study used the findings 
obtained by studying a round steel bar to  investigate gear d is to rtions. 
Round steel bars or cylinders and simple gear shapes used in such 
investigations do not provide a meaningful reference fo r predicting
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d isto rtions for gears with complex features. Manufacturing companies 
th a t produce a large number of gears do not normally have the same 
environmental se ttings as those used in experimental studies.
Therefore, random factors such as methods of handling p a rts , changes 
in material vendors, sharpness of cutting to o ls , and the possible 
tolerance deviation of measuring instruments may also a ffec t the 
extent of gear d is to rtio n s. Such factors were not considered by 
studies reported in th is  review.
The investigations reported in th is  chapter, while important 
fo r gear design and m etallurgical stud ies, may be of l i t t l e  value in 
predicting and controlling  d isto rtions for gears with complex features. 
The findings of a gear behavior may be applicable to other gears only 
i f  those gears have identical fea tu res. Lyman (1980) in the American 
Society fo r Metals sta ted  th a t "d istortion  determinations made on 
te s t  pieces, even with identical s tee ls  and heat trea ting  cycles, 
are of l i t t l e  value unless the te s t  pieces simulate the shape of 
actual parts" (p. 108).
The current investigation analyzed data from an actual gear 
manufacturing environment and provides a data base from which the 
d isto rtion  of sim ilar gears may be predicted.
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CHAPTER I II  
METHODOLOGY
This chapter presents a discussion of the methods used to 
analyze gear d isto rtions a t  a major gear manufacturing industry.
These procedures involved the: (a) collection of data , (b) data 
base development, (c) c la ss if ica tio n  of gear features (variab les), 
and (d) data analysis.
*
Collection of Data
Data for th is  investigation were obtained from gear p i lo t  lo t  
documentations th a t were collected over more than two decades from 
the John Deere Component Works (JDCW). Each gear p ilo t  lo t  
documentation contained the following information:
1. Gear drawings (b lueprin ts).
2. Heat treatment in structions.
3. Tooling and machining instructions.
4. Dimensions measured p rio r to  the heat treatment (green s iz e ) .
5. Dimensions measured a f te r  the heat treatment (hard s iz e ) .
6. Assessments and recommendations for consecutive p ilo t  runs. 
These p ilo t  lo t  documentations represented actual testing  and/or 
experimentation of production gears.
Production p ilo t  lo ts  are usually run because of some type of 
gear fa ilu re . In such cases, an average group of 20 gears is  
randomly selected from the production lin e  fo r a p ilo t lo t  run.
The dimensions of the gears are measured before heat treatment and
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are marked for id en tifica tio n . After heat treatm ent, the gear 
dimensions are again measured. The differences between the measure­
ments obtained before and a f te r  heat treatment are determined for 
final evaluation purposes.
Occasionally, gear problems may d ic ta te  the inspection of a ll 
dimensions of a gear before and a fte r  heat treatm ent. Generally, 
however, not a ll  o f the dimensions are measured for evaluation.
The following gear dimensions were normally checked and were included 
in th is  investigation:
1. Tooth thickness.
2. Tooth top and bottom lead.
3. Tooth rig h t and l e f t  p ro file .
4. Tooth top and bottom crown.
5. Outside diameter.
6. Bore.
7. Internal spline thickness.
The p ilo t  lo ts  from John Deere did not always include a ll  seven 
dimensions. These unavailable dimensions were considered as missing 
data . For example, of the 45 helical gear p ilo t  lo ts  th a t  were 
investigated , 41 contained tooth thickness d isto rtion  measurements, 
and four had missing dimensions and were considered as missing data.
Data Base Development
In order to  f a c i l i ta te  data co llection  and analyses, a 
computerized system was designed and developed to  convert information 
from the John Deere p ilo t  lo t  f i le s  to  a s e t  o f computerized f i le s
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with sim ilar formats. The following changes were made 1n the John 
Deere p ilo t lo t  Information f i le s  to complete th is transfer process:
1. All English dimensions were converted to metric.
2. Tooth thickness measurements (running center d istance, over 
pins, or span measurement) were converted.
3. The differences between measurements taken before and a fte r  
the heat treatment were reported as dimensional d is to rtions.
4. Volume ra tio s  were calculated and converted to metric units 
using gear blueprints.
5. Working pressure angles were calculated for helical gears 
using blueprint Information.
Each computerized f i le  was a random access f i le  containing 56 
equal-sized records (see Appendix B for the f i le  format). Each 
feature was assigned to a specific record. The data were stored on 
5 1 / 4 x 5  1/4-1 nch floppy d iske ttes , using an Apple II microcomputer. 
In addition, a directory program was developed for each d iskette 
containing a maximum of 95 f i le s .
The data base for th is  Investigation contained 211 f i le s  for 
helical gears and 179 f i le s  for spur gears. With an average of 20 
gears per p ilo t lo t  f i l e ,  the data base contained categorized 
Information on approximately 7,800 gears.
Computer programs were designed to re trieve  the data base and 
p rin t any or a ll  of the f i le s  from a menu of c la s s if ie rs . The 
number of c la s s if ie rs  acceptable to  the system was 14 and any or 
a ll  of the c la s s if ie rs  could be used to search for f i le s  th a t would 
match those c la s s if ie rs  (see Appendix C for the menu of c la ss if ie rs
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and the l i s t  of dimensional changes). The 14 c la ss if ie rs  represented 
dimensions obtained from gear b lueprints. The selected features of 
gears (varia tes) were chosen from these c la s s if ie rs .
C lassification  of Gear Features (Variables)
Variates
The varia tes fo r th is  investigation were the selected features 
of gears. These features were sorted into two groups: (a) main
c la s s if ie rs  and (b) su b -c lass ifie rs .
Main C lassifie rs
The main c la s s if ie rs  included: (a) gear type, (b) gear m aterial,
and (c) heat treatment process. Using these three c la s s if ie r s , the 
gears were f i r s t  categorized into groups of the same type and m aterials 
th a t had received the same heat treatm ents.
Gear Type
Helical and spur gears were used.
Gear Materials
Five d iffe ren t types of standard steel were analyzed. The 
grades of steel included: (a) 1518, (b) 1524, (c) 4023, (d) 4118,
and (e) 8620 (see Table 1).
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Table 1
Steel Grade Number and Percentage of Chemical Compositions
Grade
No.
Carbon
C
Manganese
MN
Phosphorous 
Ph (max)
Sulphur 
S (max)
Silicon 
Si (max)
Nickel
Ni
Chromi urn 
Cr
Molybdenum
Mo
1524 .18-.26 1.20-1.75 .040 .050 .15-.30
8620 .18-.23 .70- .90 .035 .040 .15-.30 .40-.70 .40-.60 .15-.25
4023 .20-.25 .70- .90 .035 .040 .15-.30 .20-.30
4118 .18-.23 .60- .90 .035 .040 .15-.30 .15-.25
1518 .46-.53 .60- .90 .040
(Republic Steel Corporation, 1978).
roro
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Heat Treat Process
Five types of heat tre a t  processes were analyzed. These 
processes were: (a) 9 + 30 and cold o i l ,  (b) 10 and hot or cold
o i l ,  (c) 10 and cold o i l ,  (d) 10 and hot o i l ,  and (e) 20 and cold
o i l .  Hot or cold o ils  were the quenching mediums, and heat tre a t 
processes were as follows:
1. Process 9 — carburization and slow cool.
2. Process 10 ~  carburization and d irec t quench in a quenching
medium.
3. Process 20 — carbonitride and slow cool.
4 . Process 30 — induction heating and quenching in a medium.
Using two types of gears, five  types of s te e ls , and five kinds
of heat treatm ent processes, 50 possible combinations were available. 
However, the data base contained information on only 19 combinations
of gear types, s te e ls ,  and heat treatm ents. The information on some
of these combinations was lim ited and had to be eliminated because 
no meaningful s ta t i s t ic a l  re su lts  could be obtained. This resulted 
in the c la ss if ic a tio n  of nine gear groups. Two groups of gears 
(helical and spur) which had the la rgest number of p ilo t  lo ts  were 
se lec ted , analyzed, and presented in th is  study.
S ub-classifiers
The su b -c lass ifie rs  included selected features (variates) of a 
gear other than the three main c la s s if ie r s . The following is  a l i s t  
of gear features used as variates for each of the gear groups:
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1. Working pressure angle (cu tte r pressure angles were used for
spur gears).
2. Helix angle (for helical gears).
3. Diametral pitch (module).
4. Tooth width.
5. Outside diameter.
6. Bore.
7. Internal spline number of tee th .
8. Internal spline pressure angle.
9. Internal spline module.
10. Approximate body/tooth ra tio .
Criterion Variables
D istortions (c rite rio n  variables) were the differences between 
measurements taken before and a fte r  heat treatm ent. These d isto rtion  
measurements included positive or negative values depending on growth 
or shrinkage of the gear. The c rite rio n  variables fo r th is  study 
included:
1. Tooth thickness.
2. Tooth top and bottom lead.
3. Tooth rig h t and l e f t  p ro file .
4. Tooth top and bottom crown.
5. Outside diameter.
6. Bore.
7. Internal spline thickness.
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Data Analyses
Graphic and s ta t is t ic a l  methods were used to analyze data. To 
prepare the data fo r each method, a computer program was developed 
to iden tify  the range or the values fo r each feature in any given 
combination of gear material and heat treatm ent. Figure 1 represents 
a sample output of th is  program (see Appendix D for keys to  the 
character codes).
CATEGORY ? M1T4
HELICAL2  MlT4P5H6D4W302B4L5S3N0E0V2
HELICAL9  MlT4P2H3D2W202B4L3S0N0E0V3
HELICAL!0  M1T4P2H3D2W202B4L3SON0E0V3
HELICAL!1 ........ MlT4P2H3D2W202B4L3S0N0E0V3
HELICAL!2 ........MlT4P2H3D2W202B4L3S0N0E0V3
HELICAL!3 ........ MlT4P2H3D2W202B4L3S0N0E0V3
HELICAL!4 ........ MlT4P2H3D2W202B4L3S0N0E0V3
HELICAL206 .........M1T4P6H2D4W305B3L4S0N0E0V4
HELICAL207 .........M1T4P6H2D4W305B3L4S0N0E0V4
HELICAL210  M1T4P5H3D4W303B6L4S0N0E0V3
HELICAL211  MlT4P8H2D4W405B7L6S3N0E0V4
Figure 1. Sample output of the program used to iden tify  combinations 
of m ateria l, heat treatm ent, and the range of values for. 
each gear feature.
Graphic Analyses
Using a microcomputer with a high resolution graphic mode, a 
variety  of sim ilar graphs were developed. Each graph contained 
information regarding the main c la s s if ie r  names, type of gear, grade 
of steel and type of heat treatment (including the method of quench­
ing). The Y axis of each graph represents the d is to rtion  of a given 
dimension a f te r  heat treatment (c rite rio n  variab le). The X axis 
represents the d iffe ren t values of a selected feature (v aria te ).
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The relationship  of the working pressure angle (variate) and 
tooth tiickness d isto rtion  (c rite rion  variable) for helical gears 
is  i llu s tra te d  as an example in Figure 2. Forty-one points were 
plotted fo r the working pressure angle values of 20.76 through 33.32 
degrees. Table 2 presents the values of working pressure angle and 
associated tooth thickness d isto rtions fo r these pressure angles.
In order to p lo t each point, the pressure angle was used as the 
x-coordinate and the amount of tooth thickness change was used as the 
y-coordinate. In cases where two or more gears had the same amount 
of tooth thickness d is to rtio n s , the points were superimposed and 
resulted in 31 plotted points. The points plotted in th is  graph 
(Figure 2) are mostly in the positive section of the graph indicating 
a tooth thickness growth resulting  from the heat treatm ent. A s lig h t 
positive trend in the tooth thickness change is  also evident as the 
value of the pressure angle increased from 20.76 to 33.32 degrees. 
S ta tis tic a l analyses, however, were used to determine the correlation 
coefficien ts between gear features and d is to rtio n s .
S ta tis tic a l Analyses
The m ultiple regression s ta t is t ic a l  package (Nie, Hall, Jenkins, 
Steinbrenner, & Bent, 1975) was used to analyze the data. This 
package required computer procedure cards tha t contained a t leas t 
one variable ( l i s t )  and a t le a s t one "regression" design statement.
The variable l i s t  included one varia te  and a ll c rite rion  
variables associated with th a t va ria te . The regression design, 
however, contained specific statements in regard to  the analysis
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Figure 2. An example of the rela tionsh ip  of the working pressure 
angle and tooth thickness d is to rtio n  for helical gears.
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Table 2
The Values of Working Pressure Angle (W.P.A.) and Associated 
Tooth Thickness Distortions
W.P.A.
Tooth
Thickness W.P.A.
Tooth
Thickness W.P.A.
Tooth
Thickness W.P.A.
Tooth
Thickness
21.80 .0170 25.20 .095 23.54 .088 29.30 .0560
21.80 — 25.20 .071 26.44 — 29.30 .0003
20.90 -.0180 24.40 .044 23.54 .032 23.54 .0560
20.90 — 29.30 .042 23.54 .045
20.90 -.0200 24.89 .039 23.54 .099
20.90 -.0002 20.76 .023 22.71 .028
20.90 .0004 20.76 .071 28.87 -.019
20.90 .0360 20.76 .021 26.57 .178
20.90 .0360 20.76 .046 21.65 .054
20.90 -.0200 20.76 .036 21.65 .051
20.90 . .0650 20.76 .031 30.10 .054
20.90 — 26.62 .083 ' 30.98 .062
20.90 .0610 33.32 .079 30.98 .088
20.90 -.0140 29.44 .091 23.56 .067
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of one varia te  and a c rite rio n  variable (from the variable l i s t ) .  
Figure 3 i l lu s tra te s  an example of a procedure card defining a 
variable l i s t  and a regression design statement. The design s ta te ­
ment indicated the determination of relationships between the variate 
pressure angle and the c rite rio n  variables iden tified  as tooth 
thickness, lead (top), lead (bottom), crown (top), crown (bottom), 
and outside diameter.
Variable: Tooth thickness, lead (top), lead
(bottom).
Crown (top), crown (bottom), outside 
diameter.
Pressure angle.
Regression: Variable pressure angle with tooth
thickness, lead (top), lead (bottom), 
crown (top), crown (bottom), and 
outside diameter.
Figure 3. An example of a computer procedure card defining a variable 
l i s t  and a regression design statement.
Appendix E presents a computer output indicating relationship  
values of 10 variates and 10 c rite rio n  variables. This output 
provided the number of available c rite rio n  variables (reported for 
each v a ria te ) , the correlation  coeffic ien t of each varia te  and 
c rite rio n  variable , and the significance for each co rre la tion .
The s ta t is t ic a l  resu lts  also indicated the cumulative re la tio n ­
ship of the variates with each individual c rite rio n  variab le .
Appendix F presents an example of the computer output showing the 
s ta t i s t ic s  fo r the relationship of seven variates ( i . e . ,  gear working
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pressure angle, helix angle, module, outside diameter, bore, tooth 
width and approximate volume ra tio ) and one c rite rio n  variable (tooth 
thickness). Therefore, the contribution of the seven variates to the 
amount of d isto rtion  of one c rite rio n  variable could be determined.
S ta tis tic a l analyses of the 41 f i le s  containing tooth thickness 
d isto rtion  measurements indicated th a t fo r th is  gear group example, 
a sign ifican t correlation coefficien t was found between gear tooth 
working pressure angle and tooth thickness d is to rtio n , r  = .373,
£ <  .05. The linear equation fo r th is  rela tionsh ip  was 
Y' = .003978 (X) - .059144. Figure 4 presents an example of a 
completed graph augmented by s ta tis t ic a l  findings. The slope of the 
regression line  (.003978) was calculated from the following formula: 
Slope = (r) (Std. Y /  Std. X). While (r) represents the correlation 
co effic ien t, (Std. Y) is  the standard deviation of d is to rtio n s , 
and (Std. X) is  the standard deviation of gear featu res. The "Y 
intercept" value (-.059144) was determined from the following formula: 
In tercept = Y - (Slope) (X). Y  and X indicate the mean of dimensional 
d isto rtions and the mean of gear fea tu res, respectively (Ferguson, 
1976).
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Figure 4. An example of a completed graph augmented by s ta t is t ic a l  
findings.
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CHAPTER IV 
ANALYSES OF THE DATA
This study investigated the relationships of selected features 
of helical and spur gears and d isto rtions due to  heat treatm ent.
The data were c la ss ified  according to groups of gears with sim ilar 
steel m aterials and sim ilar heat treatm ent. The differences in gear 
measurements obtained before and a fte r  heat treatment were tabulated 
as d is to rtion  values. F inally , the relationships of selected 
features of gears and d isto rtions fo r each group were graphically 
and s ta t i s t ic a l ly  analyzed. A microcomputer (Apple II Plus) was 
used for the graphical analyses and the m ultiple regression 
s ta t i s t ic a l  package (Nie e t  a l . ,  1975) was used for the s ta t is t ic a l  
analyses.
Findings and In terpreta tions
The data fo r each group of gears were analyzed independently 
from other groups. Eleven research questions fo r helical gears and 
10 research questions fo r spur gears were addressed. Seven sub­
questions (fo r spur gear helix angle and d isto rtions) were eliminated 
because the value for the helix angle was zero.
Several of the research questions contained eight or nine sub­
questions (see research questions 1 through 11 in Chapter I ) .  For 
example, research question 1 asked what were the relationships 
between pressure angle and gear d isto rtion  of e igh t dimensions ( i . e . ,  
tooth thickness, lead top, lead bottom, p ro file  r ig h t, p ro file  l e f t ,
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crown top, crown bottom, and outside diameter). In to ta l ,  the 11 
major research questions addressed 62 sub-questions for helical gears 
(group one) and 54 sub-questions for spur gears (group two).
Helical Gears (Group One)
Group one contained helical gears composed of standard steel 
with a grade number of 1524 and employed heat treatment process 10 
with hot or cold oil as the quenching medium. Forty-five p ilo t lo ts 
met the charac teristics for th is  group. With an average of 15 gears 
per p ilo t lo t ,  a to ta l of 675 helical gears were analyzed.
Because only two p ilo t lo ts  in group one contained crown 
d isto rtion  measurements, the relationships between gear features 
and crown (top and bottom) d istortions could not be determined.
This eliminated 14 sub-questions in group one ( i . e . ,  the re la tio n ­
ships be:tween working pressure angle, helix angle, module, tooth 
width, outside diameter, bore, volume ra tio , and crown top and bottom 
d is to rtio n s). Appendix H shows the Pearson Correlation Coefficients 
for the selected gear features and associated d istortions for helical 
gears in group one.
The following presents the research questions and responses for 
gears in group one (h e lica l, with steel 1524, and process 10 heat 
treatm ent).
Question 1
What are the relationships between gear working pressure angle 
and d isto rtions in terms of tooth thickness, lead, p ro file , crown, 
and outside diameter?
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Response
Of the 45 p ilo t lo ts  fo r gears in group one, 41 contained tooth 
thickness d is to rtio n s . A sign ifican t correlation coefficien t was 
found between gear tooth working pressure angle and tooth thickness 
d is to rtio n , jr = .373, £ <  .05. This relationship  is  graphically 
presented in Figure 5. Ten tooth thickness d isto rtions had the 
same values and were superimposed, resulting  in only 31 plotted 
points. The "regression line" for predicting Y' (d isto rtion) from 
X (feature) was also plotted using the linear equation 
Y1 = .003978 (X) - .059144. This s tra ig h t line  provides an average 
statement about the change in a dimensional d isto rtion  with change 
in a feature (Ferguson, 1976). According to th is  equation ( i f  tooth 
working pressure angle were to be considered as the only factor 
involved in tooth thickness d isto rtion ) an increase in one unit of 
the working pressure angle resu lts in .003978 m illim eter tooth 
thickness d is to rtio n . Appendix G presents the means and standard 
deviations used to determine the slope and in tercept of the line  of 
"best f i t "  for the sign ifican t relationships of a single feature (X) 
and a single d isto rtion  (Y).
Non-significant negative correlation coefficien ts were found 
between gear tooth working pressure angle and:
1. lead top d isto rtion  (£ = 41, £  = -.116, £ >  .05).
2. lead bottom d isto rtion  (n. = 41, ir = -.248, £ >  .05).
3. p ro file  rig h t d is to r tio n -(£ = 29, £  = -.048, £  > .05).
4. p ro file  l e f t  d isto rtion  (£ = 5, jr = -.111, £ >  .05).
5. outside diameter d isto rtion  (n_ = 22, £  = .090, £ >  .05).
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Figure 5. The rela tionsh ip  between helical gear working pressure 
angle and tooth thickness d is to rtio n .
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The John Deere gear f i le s  indicated th a t gear tooth p ro file  
r ig h t and l e f t  measurements were taken together whenever p ro file  
measurements were required. However, 24 of the p ilo t  lo ts  contained 
the average of p ro file  rig h t and l e f t  d isto rtion  measurements. Such 
measurements were included in the p ro file  righ t d isto rtions resu lting  
in only five p ro file  l e f t  measurements to be analyzed.
Question 2
What are the relationships between gear helix angle and 
d isto rtions in terms of tooth thickness, lead, p ro file , crown, and 
outside diameter?
Response
Non-significant correlation  coeffic ien ts were found between 
gear helix  angle and:
1. tooth thickness d is to rtion  (r. = -.162, £ >  .05).
2. lead top d isto rtion  (jr = .225, £ >  .05).
3. lead bottom d isto rtion  (jr = .117, £. > .05).
4. p ro file  r ig h t d isto rtion  ( jr  = .210, £ >  .05).
5. p ro file  l e f t  d isto rtion  (r. = .259, jo > .05).
6. outside diameter d is to rtion  ( r  = .171, £ >  .05).
Question 3
What are the relationships between gear module and d isto rtions 
in terms of tooth thickness, lead, p ro f ile , crown, and outside 
di ameter?
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Response
A sign ifican t correlation coeffic ien t was found between gear 
module and tooth thickness d is to rtio n , r  = .354, £ <  .5. This 
relationship  is  graphically presented in Figure 6. The regression 
lin e  was plotted using the linear equation Y' = .02651 (X) -  .064824. 
This regression line  indicates th a t ( i f  tooth module were to  be 
considered as the only factor involved in tooth thickness d isto rtion) 
an increase in one un it of the module resu lts  in .02651 millim eter 
tooth thickness d is to rtio n .
Non-significant correlation coefficien ts were found between gear 
module and:
1. lead top d isto rtion  ( r  = .141, £ >  .05).
2. lead bottom d isto rtion  ( r  = -.397, £ >  .05).
3. p ro file  rig h t d isto rtion  (jr = .303, £ >  .05).
4. p ro file  l e f t  d isto rtion  ( r .= .021, £ >  .05).
5. outside diameter d isto rtion  (jr = -.065, £ >  .05).
Question 4
What are the relationships between gear tooth width and 
d isto rtions in terms of tooth thickness, lead, p ro file , crown, and 
outside diameter?
Response
A sig n ifican t correlation coeffic ien t was found between gear 
tooth width and tooth thickness d is to rtio n , jr = .393, £ <  .05. This 
relationship  is  graphically presented in Figure 7. The lin ear 
equation Y' = .0015484 (X) - .008422 was used to p lo t the regression
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Figure 6. The rela tionship  between helical gear module and tooth 
thickness d is to rtio n .
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Figure 7. The relationship  between helical gear tooth width and 
tooth thickness d is to rtio n .
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lin e . This regression line  indicates th a t ( i f  tooth width were to 
be considered as the only factor involved in tooth thickness 
d is to rtio n ) an increase in one unit of tooth width resu lts  in 
.0015484 m illim eter tooth thickness d is to rtio n .
Non-significant correlation coefficien ts were found between 
gear tooth width and:
1. lead top d isto rtion  (r. = .214, £ >  .05).
2. lead bottom d isto rtion  ( jr  = -.219, £ >  .05).
3. p ro file  righ t d isto rtion  ( r  = .156, £ >  .05).
4. p ro file  l e f t  d isto rtion  (jr. = .512, £ >  .05).
5. outside diameter ( r  = .015, £  > .05).
Question 5
What are the relationships between gear outside diameter and 
d is to rtio n s in terms of tooth thickness, lead , p ro file , crown, and 
outside diameter?
Response
A sig n ifican t negative correlation coeffic ien t was found between 
gear outside diameter and tooth thickness d is to rtio n , jr = -.439,
£  < .05. This relationship  is  graphically presented in Figure 8.
The regression line  was plotted using the lin ea r equation 
Y' = -.00017 (X) + .07890. This regression line  indicates th a t ( i f  
gear outside diameter were to be considered as the only fac to r involved 
in tooth thickness d isto rtion ) an increase in one un it of outside 
diameter resu lts  in -.00017 m illim eter tooth thickness d is to rtio n .
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Figure 8. The relationship  between helical gear outside diameter 
and tooth thickness d is to rtio n .
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Non-significant correlation coefficients were found between 
gear outside diameter and:
1. lead top d isto rtion  (r  = -.023, £ >  .05).
2. lead bottom d isto rtion  ( jr  = .141, £ >  .05).
3. p rofile  righ t d isto rtion  (jr = -.140, £ >  .05).
4. p rofile  l e f t  d isto rtion  (r  = -.197, £ >  .05).
Also, a sign ifican t correlation coefficien t was found between 
gear outside diameter and outside diameter d is to rtio n , r  = .354,
£  = .05. The correlation coefficien t value (jr = .354) indicates th a t 
( i f  tooth outside diameter were to be considered as the only factor 
involved in the outside diameter d isto rtion ) an increase in one unit 
of the outside diameter (size) resu lts  in .00019877 m illim eter 
outside diameter d is to rtio n . This relationship  is  graphically 
presented in Figure 9. The regression line  was plotted using the 
linear equation Y' = .00019877 (X) - .00129990.
Question 6
What are the relationships between gear bore and d isto rtions 
in terms of tooth thickness, lead, p ro file , crown, bore, and outside 
di ameter?
Response
A sign ifican t correlation coefficien t was found between gear bore 
and tooth thickness d is to rtio n , jr = .297, £  < .05. This relationship  
is  graphically presented in Figure 10. The regression line  was 
plotted using the linear equation Y' = .00081487 (X) - .00090531.
This regression line  indicates th a t ( i f  gear bore were the only factor
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Figure 9. The rela tionsh ip  between helical gear outside diameter 
(size) and outside diameter d is to rtio n .
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involved in tooth thickness d isto rtion) an increase in one unit of 
bore resu lts  in .0081487 m illimeter tooth thickness d is to rtio n .
Non-significant correlation coefficien ts were found between 
gear bore and:
1. lead top d isto rtion  (r. = -.116, £  > .05).
2. lead bottom d isto rtion  (jr = -.131, £ >  .05).
3. p ro file  righ t d isto rtion  (jr = -.158, £ >  .05).
4. p ro file  l e f t  d isto rtion  (r  = .564, £ >  .05).
5. bore d isto rtion  (jr = .510, £ >  .05).
6. outside diameter d isto rtion  ( r  = -.177, £ >  .05).
Question 7
What are the relationships between gear approximate body/tooth 
volume ra tio  and d isto rtions in terms of tooth thickness, lead, 
p ro file , crown, bore, and outside diameter?
Response
A sign ifican t negative correlation coefficien t was found between 
gear approximate body/tooth volume ra tio  and tooth thickness d is to r­
tion , £ =  -.458, £ <  .05. This relationship  is  graphically presented 
in Figure 11. The regression line  was plotted using the linear 
equation Y1 = -.002589 (X) + .067479. This regression line  indicates 
tha t ( i f  gear approximate body/tooth volume ra tio  were to be 
considered as the only factor involved in tooth thickness (d isto rtion) 
an increase in one un it of approximate body/tooth volume ra tio  
resu lts  in -.002589 millim eter tooth thickness d is to rtio n .
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Non-significant correlation coefficien ts were found between 
gear approximate body/tooth volume ra tio  and:
1. lead top d isto rtion  (jr = -.019, £ >  .05).
2. lead bottom d isto rtion  (r. = .174, £ >  .05).
3. p ro file  rig h t d isto rtion  ( jr  = -.124, ja > .05).
4. p ro file  l e f t  d isto rtion  (jr = -.235, £ >  .05).
5. outside diameter d isto rtion  (r. = .334, £ >  .05).
6. bore d isto rtion  (r_ = -.128, £ >  .05).
Question 8
What is  the rela tionship  between internal spline number of teeth 
and in ternal spline tooth thickness d isto rtion?
Response. Unable to answer— due to lack of v a ria b ility  among 
internal spline number of tee th .
Question 9
What is  the relationship  between in ternal spline pressure angle 
and in ternal spline tooth thickness d isto rtion?
Response. Unable to answei— due to lack of v a ria b ility  among 
in ternal spline modules.
Question 10
What is  the relationship  between internal spline module and 
in ternal spline tooth thickness d isto rtion?
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Response. Unable to answei— due to lack of v a ria b ility  among 
internal spline pressure angles.
Question 11
What is  the relationship  between gear approximate body/tooth 
volume ra tio  and internal spline tooth thickness d isto rtion?
Response
A sig n ifican t negative corre lation  coeffic ien t was found between 
gear approximate body/tooth volume ra tio  and in ternal spline tooth 
thickness d is to rtio n , r  = -.547, £ <  .05. This rela tionsh ip  is  
graphically presented in Figure 12. The lin ear equation 
Y' = - .0049843 (X) - .0626540 was used to  p lo t the regression 
lin e . This regression lin e  indicates th a t ( i f  gear approximate 
body/tooth volume ra tio  were to  be considered as the only factor 
involved in spline tooth thickness d is to rtion ) an increase in one 
unit of approximate body/tooth volume ra tio  re su lts  in -.0049843 
m illim eter tooth thickness d is to rtio n .
The preceding research questions were answered individually .
Each gear feature (varia te) was considered to be the only factor 
involved in the d isto rtion  of an individual dimension (c rite rio n  
variab le). A summary of these findings is  presented in Table 3. 
However, the m ultiple regression analyses determined the relationship  
for a se t of gear features (varia tes) and one dimensional d isto rtion  
(c rite rio n  variab le ).
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Table 3
Summary of S ta tis tic a l Relationships Between Selected 
Helical Gear Features and Distortions
Selected Features
Distortions W.P.A. H.A. MODULE T.W. O.D. BORE VOLUME SPTT SPM SPPA
Tooth thickness S NS S S S S S
Lead (top) NS NS NS NS NS NS NS
Lead (bottom) NS NS NS NS NS NS NS
P rofile  (righ t) NS NS NS NS NS NS NS •
P rofile  ( le f t) NS NS NS NS NS NS NS
Crown (top) * * * * * * *
Crown (bottom) * * * * * * *
Outside diameter NS NS NS NS S NS NS
Bore NS NS NS NS S NS NS
Spline thickness S ** ** **
W.P.A. = Working Pressure Angle
H.A. = Helix Angle
T.W. = Tooth Width
O.D. = Outside Diameter
VOLUME = Approximate Body/Tooth Volume Ratio
SPTT = Spline To,bth Thickness
SPM = Spline Module 
SPAA = Spline Pressure Angle 
S = Significant 
= Not S ignificant 
= Lack of Sufficient Data 
= Lack of V ariability  
Among Variates
NS
*
* *
<J1O
51
Table 4 presents the "step-wise" regressions for the selected 
features and d is to rtio n s. The multiple regression (MR) when squared 
indicates the percentage of d isto rtion  of each gear dimension due to 
cumulative variation in gear features. For example, the value of 
(.590) = .35 indicates tha t approximately 35% of gear tooth thickness 
d isto rtion  was due to the cumulative variation in the working pressure 
angle, helix angle, module, tooth width, outside diameter, bore, and 
volume ra tio .
Spur Gears (Group Two)
This group contained spur gears composed of standard steel with 
a grade number of 1518 and employed heat treatment process 10 with 
cold oil as the quenching medium. Twenty-nine p ilo t lo ts  met the 
charac teristics  of th is  group. With an average of 15 years per p ilo t 
lo t ,  a to ta l of 435 spur gears were analyzed.
Because none of the p ilo t lo ts  in group two contained p rofile  
le f t  d isto rtion  measurements, the relationships between gear 
features and p rofile  l e f t  d isto rtions could not be determined. This 
eliminated six  of the 54 sub-questions in group two ( i . e . ,  the 
relationships between working pressure angle, module, tooth width, 
outside diameter, volume ra t io , and p ro file  l e f t  d is to rtio n s).
Appendix J shows the Pearson Correlation Coefficients for the 
selected gear features and associated d isto rtions fo r spur gears 
in group two. The following presents the research questions and 
responses fo r gears in group two (spur with steel 1518 and process 
10 heat treatm ent).
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Table 4
Step-Wise Multiple Regression S ta tis t ic s  for the Selected 
Helical Gear Features and Dimensional D istortions
Distortions
Features Tooth
Thickness
Lead
Top
Lead
Bottom
Profile
Right
Profile
Left
Outside
Diameter Bore
Spline
Thickness
Pressure
Angle .373 .116 .248 .048 .111 .089 .036 .188
Helix
Angle .384 .238 .259 .210 .268 .205 .233 .405
Module .411 .376 .423 .452 .651 .207 .252 .428
Outside
Diameter .522 .385 .426 .453
* .407 .262 .613
Bore .569 .402 .428 .490 * .422 .335 .673
Tooth
Width .599 .399 .426 .477 1.000 .417 .264 .647
Volume
Ratio .590
* * .514 * .437 .366 .704
MR .590 .402 .428 .514 1.000 .437 .366 .704
MR2 .348 .162 .183 .264 1.000 .191 .134 .496
*Due to low v a riab ility  no s ta t i s t ic s  could be determined.
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Question 1
What are the relationships between gear cu tte r  pressure angle 
and d is to rtio n s in terms of tooth thickness, lead, p ro file , crown, 
and outside diameter?
Response
A sig n ifican t negative correlation coeffic ien t was found between 
gear c u tte r pressure angle and lead bottom d is to rtio n , jr = -.544,
£ <  .05. This relationship  is graphically presented in Figure 13.
Of the 39 p ilo t  lo ts  fo r gears in group two, 23 contained lead 
bottom d is to rtio n s th a t were p lo tted . Fourteen of these lead bottom 
d is to rtio n s had the same values and were superimposed, resulting  in 
only nine plotted points. The regression line  fo r predicting Y' 
(d is to rtion ) from X (feature) was also plotted using the linear 
equation Y1 = -.0026515 (X) + .0556050. This s tra ig h t lin e  provides 
an average statement about the change in a dimensional d isto rtion  
with change in a feature (Ferguson, 1976).
A sig n ifican t correlation coeffic ien t was also found between 
gear cu tte r  pressure angle and p ro file  r ig h t d is to rtio n s , £ = 7 ,  
r_ = .803, £ <  .05. This relationship  is  graphically illu s tra te d  in 
Figure 14. Appendix I presents the means and standard deviations 
of spur gear features and d isto rtions th a t had sign ifican t re la tio n ­
sh ips. The lin ear equation Y1 = -.0010201 (X) + .0162500 was used 
to p lo t the regression line .
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Le
ad 
Bo
tto
m
54
co•r—
S -o
co
o
- . 2
10 15 20 25 30 35
Cutter Pressure Angle
Slope = -.0026515
T n + o ^ o n +  —  n C C C f i C n
A M  W W t  •  V V W W W W W
Figure 13. The rela tionsh ip  between spur gear tooth c u tte r  pressure 
angle and tooth lead bottom d is to rtio n .
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. The relationship  between spur gear tooth cu tte r pressure 
angle and p ro file  righ t d is to rtio n .
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Non-significant correlation coefficien ts were found between gear 
cu tte r pressure angle and:
1. tooth thickness d isto rtion  (£  = 22, jr = -.001, £ >  .05).
2. lead bottom d isto rtion  (£  = 23, jr = .159, £ >  .05).
3. crown top d isto rtion  (£ =  3, jr = -.715, £ >  .05).
4. crown bottom d isto rtion  (£  = 3, r. = .225, £ >  .05).
5. outside diameter d isto rtion  (£ = 14, jr = .351, £ >  .05).
Question 2
What are the relationships between gear module and d isto rtions 
in terms of tooth thickness, lead, p ro file , crown, and outside 
diameter?
Response
A sig n ifican t correlation coefficien t was found between gear 
module and p ro file  righ t d is to rtio n , r. = .706, £ <  .05. This re la tion ­
ship is  graphically presented in Figure 15. Seven p ro file  righ t 
d isto rtions were p lo tted . The regression line  was also plotted 
using the equation Y' = .0070470 (X) - .0306930.
Non-significant correlation coefficien ts were found between gear 
module and:
1. tooth thickness d isto rtion  (_r = .266, £ >  .05).
2. lead top d isto rtion  (jr = .148, £ >  .05).
3. lead bottom d isto rtion  (r  = -.397, £ >  .05).
4. crown top d isto rtion  (r. = .715, £ >  .05).
5. crown bottom d isto rtion  (r_ = -.225, £ >  .05).
6. outside diameter d isto rtion  (jr = -.406, £ >  .05).
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Figure 15. The re la tionsh ip  between spur gear module and p ro file  
r ig h t d is to rtio n .
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Question 3
What are the relationships between gear tooth width and 
d isto rtions in terms of tooth thickness, lead , p ro f ile , crown, 
and outside diameter?
Response
Non-significant correlation coefficien ts were found between 
gear tooth width and:
1. tooth thickness d isto rtion  (jr = .316, £  > .05).
2. lead top d isto rtion  ( r  = .324, £ >  .05).
3. lead bottom d isto rtion  ( r  = -.129, £ >  .05).
4. p ro file  rig h t d isto rtion  (r. = .656, £ >  .05).
5. crown top d isto rtion  (jr = .2244, £ >  .05).
6. p ro file  l e f t  d isto rtion  (r  = -.728, £ >  .05).
7. outside diameter d isto rtion  (r. = -.337, £ >  .05).
Question 4
What are the relationships between gear outside diameter and 
d isto rtions in terms of tooth thickness, lead , p ro f ile , crown, and 
outside diameter?
Response
A s ig n ifican t negative correlation coeffic ien t was found between 
gear outside diameter and tooth thickness d is to rtio n , r_= -.502,
£  < .05. This relationship  is  graphically presented in Figure 16.
The regression line  was plotted using the lin ea r equation 
Y’ = -.0003945 (X) + .0629650.
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Figure 16. The relationship  between spur gear outside diameter and 
tooth thickness d is to rtio n .
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Also, a s ig n ifican t negative correlation coefficien t was found 
between gear outside diameter and pro file  righ t d is to rtio n , _r = -.855, 
£  < -05. This relationship  is  graphically presented in Figure 17.
The regression line  was plotted from the lin ear equation 
Y' = -.0001500 (X) + .0032720.
Non-significant correlation coefficients were found between gear 
outside diameter and:
1. lead top d isto rtion  ( jr = .109, £ >  .05).
2. lead bottom d isto rtion  (r_ = .256, £ >  .05).
3. crown top d isto rtion  (£ = 0, £  > .05).
4. crown bottom d isto rtion  ( jr  = 0, £ >  .05).
5. outside diameter d isto rtion  (jr = -.198, £ >  .05).
Question 5
What are the relationships between gear bore and d isto rtions in 
terms of tooth thickness, lead, p ro file , crown, bore, and outside 
diameter?
Response
Non-significant correlation coefficients were found between 
gear bore and:
1. tooth thickness d isto rtion  (r_ = -.150, £ >  .05).
2. lead top d is to rtio n  ( j r  = -.240, £ >  .05).
3. lead bottom d isto rtion  ( r  = -.145, £ >  .05).
4 . p ro file  rig h t d is to rtion  (£  = -.383, £ >  .05).
5. crown top d is to rtion  ( r _ -  .963, £ >  .05).
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Figure 17. The rela tionship  between spur gear outside diameter and 
p ro file  r ig h t d is to rtio n .
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6. crown bottom d isto rtion  (r = -.956, £ >  .05).
7. outside diameter d isto rtion  (jr = -.158, £ >  .05).
8. bore d isto rtion  (£ = -.937, £ >  .05).
Question 6
What are the relationships between gear approximate body/tooth 
volume ra tio  and d isto rtions in terms of tooth thickness, lead, 
p ro f ile , crown, bore, and outside diameter?
Response
A sign ifican t negative correlation  coeffic ien t was found between 
gear approximate body/tooth volume ra tio  and tooth thickness d is to r­
t io n , r_ = -.458, £  < .05. This rela tionsh ip  is  graphically presented 
in Figure 18. The regression lin e  was plotted using the lin ear 
equation Y' = -.0032084 (X) + .0428150
Non-significant correlation coefficien ts were found between 
gear approximate body/tooth volume ra tio  and:
1. lead top d isto rtion  (r  = .011, £ >  .05).
2. lead bottom d isto rtion  (_r = .138, £ >  .05).-_
3. crown top d isto rtion  (jr = .715, £ >  .05).
4 . crown bottom d isto rtion  (r  = -.225, £ >  .05).
5. bore d isto rtion  [r_ = .436, £ >  .05).
6. outside diameter d isto rtion  (£ = .008, £ >  .05).
Also, a s ig n ifican t negative correlation  coefficien t was found 
between gear approximate body/tooth volume ra tio  and gear p ro file  
r ig h t d is to rtio n , r_ = -.760, £ <  .05. This relationship  is
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Figure 18. The rela tionship  between spur gear approximate body/tooth 
volume ra tio  and tooth thickness d is to rtio n .
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graphically presented in Figure 19. The regression line  was plotted 
from the linear equation Y' = -.0012226 (X) + .0046600.
Question 7
What is the relationship between internal spline number of 
teeth and internal spline tooth thickness d istortion?
Response. Unable to answer—due to lack of v a ria b ility  among 
internal spline number of tee th .
Question 8
What is  the relationship between internal spline pressure angle 
and internal spline tooth thickness distortion?
Response. Unable to answei— due to lack of v a ria b ility  among 
internal spline pressure angles.
Question 9
What is  the relationship between internal spline module and 
internal spline tooth thickness distortion?
Response. Unable to answei— due to lack of v a ria b ility  among 
internal spline modules.
Question 10
What is  the relationship between gear approximate body/tooth 
volume ra tio  and internal spline tooth thickness d istortion?
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The rela tionship  between spur gear approximate body/tooth 
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Response
A non-significant negative correlation  coeffic ien t was found 
between gear approximate body/tooth volume ra tio  and internal spline 
tooth thickness d is to r tio n , r. = -.034, £ <  .05.
The preceding research questions were answered individually fo r 
spur gears in group two. Each gear feature was considered to be the 
only fac to r involved in the d isto rtion  of an individual dimension 
(see Table 5 fo r a summary of these find ings). However, the m ultiple 
regression analyses determined the rela tionship  fo r a se t of gear 
features (varia tes) and one dimensional d is to rtion  (c rite rio n  
v a riab le s).
Table 6 presents the step-wise regressions fo r the selected 
features and dimensional d is to rtio n s . The m ultiple regression (MR) 
when squared indicates the percentage of d is to rtion  of each dimension
p
due to  cumulative variation  in gear fea tu res. The value of MR = .500 
(fo r tooth thickness) indicates th a t approximately 50% of gear tooth 
thickness d is to rtio n  was due to  the cumulative variation in the cu tte r  
pressure angle, helix  angle, module, tooth width, bore, and volume 
ra t io .
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Table 5
Summary of S ta tis tic a l Relationships Between Selected 
Spur Gear Features and Distortions
Selected Features
Distortions P.A. H.A. MODULE T.W. O.D. BORE VOLUME SPTT SPM SPPA
Tooth thickness NS NS NS S NS S
Lead (top) NS NS NS NS NS NS
Lead (bottom) S NS NS NS NS NS
Profile (righ t) s NS NS NS NS NS
Profile  ( le f t) * * * * * *
Crown (top) NS NS NS NS NS NS
Crown (bottom) NS NS NS NS NS NS
Outside diameter NS NS NS NS NS NS
Bore
Spline thickness
NS NS NS NS NS NS
Ns ** ** **
P.A. = Pressure Angle
H.A. = Helix Angle
T.W. = Tooth Width
O.D. = Outside Diameter
VOLUME = Approximate Body/Tooth Volume Ratio
SPTT = Spline Tooth Thickness
SPM = Spline Module 
SPPA = Spline Pressure Angle 
= Significant 
= Not Significant 
= Lack of Sufficient Data 
= Lack of V ariability  
Among Variates
S
NS
*
* *
0\
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Table 6
Step-Wise Multiple Regression S ta tis tic s  for the Selected 
Spur Gear Features and Dimensional D istortions
Distortions
Features Tooth
Thickness
Lead
Top
Lead
Bottom
Profi1e 
Right
Crown
Top
Crown
Bottom
Outside
Diameter Bore
Spline
Thickness
Pressure
Angle .001 .218 .544 .803 .715 .225 .351 .398 .092
Module .402 .654 .628 .806 * * .406 * .193
Outside
Diameter .654 .668 .629 .900 .715 .225 .828 1.000 .213
Tooth
Width .658 .708 .632 .903 1.000 1.000 .852
* .219
Bore .687 .745 .708 .911 * * .863 * .246
Volume
Ratio .707 .847 .859 1.000
* * .924 * .368
MR .707 .847 .859 1.000 1.000 1.000 .924 1.000 .386
MR2 .500 .717 .738 1.000 1.000 1.000 .854 1.000 .149
*Due to low v a ria b ility  no s ta t is t ic s  could be determined.
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CHAPTER V
SUMMARY, FINDINGS, CONCLUSIONS AND IMPLICATIONS, AND 
RECOMMENDATIONS FOR FUTURE STUDY
This chapter includes a restatement of the problem, a summary of 
the significance of the problem, methodological a c t iv i t ie s ,  research 
questions, and the analyses employed. Findings are presented, 
conclusions, and implications are drawn, and recommendations for 
future study are sta ted .
Summary
Statement of the Problem
What are the relationships between selected features of helical 
or spur gears and size d isto rtions due to heat treatment?
Significance of the Problem
One method to  compensate fo r gear size d isto rtions due to  heat 
treatm ent is  to modify the size of the gear prior to the heat 
treatm ent. This gear modification allows dimensions to d is to r t  to 
a predictable amount and fa ll  within the desired specifica tions. 
Because of the complexity of the factors affecting gear d is to rtio n , 
each new gear requires a number of t r ia l s  (p ilo t lo ts )  in order to 
p red ict the behavior of th a t gear a f te r  heat treatm ent. Although 
th is  method is  favored in mass production of gears, i t  is  often 
expensive and time consuming.
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I f  rela tionsh ips between features of gears and d isto rtions were
\
b e tte r  understood, the number of t r ia ls  could be reduced and thus 
re s u lt  in considerable production effic iency .
Methodological A ctiv ities
In completing th is  investigation , the following major a c tiv it ie s  
were undertaken:
1. Gear p ilo t  lo t  f i le s  were converted to uniform computer 
f i le s .
2. Computer programs were developed to re trieve  and c la ss ify
data.
3. Data were graphically and s ta t i s t ic a l ly  analyzed.
Research Questions
The following research questions were posed fo r each given 
combination of gear material and heat t r e a t  process:
1. What were the relationships between gear tooth working
pressure angle and d isto rtion  in terms of tooth thickness, lead,
p ro f ile , crown, and outside diameter?
2. What were the relationships between gear tooth helix  angle
(in helical gears) and d is to rtion  in terms of tooth thickness, lead,
p ro file , crown, and outside diameter?
3. What are the relationships between gear module and d is to r­
tion  in terms of tooth thickness, lead, p ro file , crown, and outside 
diameter?
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4. What were the relationsh ips between gear tooth width and 
d is to rtio n  in terms of tooth thickness, lead, p ro file , crown, and 
outside diameter?
5. What were the relationships between gear outside diameter 
and d is to rtio n  in terms of tooth thickness, lead, p ro f ile , crown, 
and outside diameter?
6. What were the relationships between gear bore and d isto rtion  
in terms of tooth thickness, lead, p ro f ile , crown, bore, and outside 
diameter?
7. What were the relationsh ips between body/tooth approximate 
volume ra tio  and d isto rtion  in terms of tooth thickness, lead, 
p ro f ile , crown, bore, and outside diameter?
8. What was the rela tionsh ip  between internal spline number 
of teeth  and spline tooth d isto rtion?
9. What was the rela tionsh ip  between internal spline pressure 
angle and spline tooth thickness d isto rtion?
10. What was the rela tionsh ip  between spline module and spline 
tooth d isto rtion?
11. What was the rela tionsh ip  between gear body/tooth approximate 
volume ra tio  and internal spline tooth d isto rtion?
Findings
Helical Gears (Group One)
Helical gears composed of standard steel with a grade number 
of 1524 th a t employed the heat t r e a t  process 10 with hot or cold 
o il as a quenching medium, were analyzed in group one representing
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fo rty -five  p ilo t lo ts .  Appendix H presents the Pearson Correlation 
Coefficients of selected features of gears and dimensional d isto rtions 
fo r th is  group. Appendix F shows the values of the gear features and 
dimensional d isto rtions used in the analysis of helical gears in 
group one.
Sixty-two sub-questions were investigated for th is  group tha t 
inquired the relationship between gear features and dimensional 
d is to rtio n s . Fourteen sub-questions could not be answered fo r th is  
group due to lack of su ffic ien t data (gear features and crown 
d is to rtio n s) . Three additional sub-questions (spline features and 
d isto rtions) could not be answered due to lack of v a ria b ility  among 
the spline features.
The answer to the remaining sub-questions indicated 10 s ig n if i­
cant correlation  co effic ien ts , and 35 non-significant correlation 
coeffic ien ts , for helical gears in group one (see Table 3, p. 50, 
fo r a summary of the findings in Chapter IV). In responding to  each 
sub-question, the feature under investigation (variate) was considered 
as the only fac to r involved in the d isto rtion  of one gear dimension 
(c rite rio n  variab le). The "step-wise" multiple regression s ta t is t ic s  
were used to determine the cumulative contribution of several gear 
features (varia tes) on one dimensional d isto rtion  (c rite rion  
variab le). Table 4, p. 52, showed the resu lts  of the m ultiple 
regression analyses for helical gears (group one).
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Spur Gears (Group Two)
Spur gears composed of standard steel with a grade number of 
1518 th a t employed the heat t r e a t  process 10 with cold oil as a 
quenching medium, were analyzed in group two representing 29 p ilo t 
lo ts . Appendix J presents the Pearson Correlation Coefficients of 
selected features of gears and dimensional d isto rtions for th is  
group.
F ifty-four sub-questions were investigated in group two th a t 
inquired the rela tionship  between one gear feature and one dimensional 
d is to rtio n . Seven sub-questions could not be answered for th is  group 
due to  lack of su ff ic ie n t data (gear features and p ro file  l e f t  
d is to rtio n s) . Three additional sub-questions could not be answered 
due to  lack of v a ria b ility  among internal spline features (spline 
features and spline tooth thickness d is to rtio n s).
The answers to the remaining sub-questions indicated seven 
sign ifican t correlation  co effic ien ts , and 37 non-significant 
correlation  co effic ien ts , fo r spur gears in group two (see Table 5, 
p. 67, for a summary of the findings fo r th is  group). Table 6, 
p. 68, showed the re su lts  of the m ultiple regression s ta t i s t ic s  for 
the cumulative relationships of the selected gear features and each 
dimensional d isto rtion  for spur gears (group two).
Discussion of the Findings 
The findings fo r the helical (group one) and spur (group two) 
gears indicated th a t s ig n ifican t correlation coeffic ien ts existed 
between some gear features and dimensional d is to rtio n s . One major
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finding indicated th a t the tooth thickness d is to rtio n  had sign ifican t 
correlations to six  of the seven selected gear features for helical 
gears in group one. This finding was in contradiction with the 
review of the l ite ra tu re  th a t indicated the findings of gears with 
sim ilar material and heat treatment may be of l i t t l e  value to other 
gears unless those gears are identical in features (Lyman, 1980).
This contradiction may be due to  the unique method of using a 
computerized data base th a t included a large amount of h isto rica l 
gear information.
Due to  lack of su ffic ien t data, several research sub-questions 
could not be answered in th is  study. With the inclusion of new gear 
information f i le s  and the expansion of the data base, however, such 
questions and even questions th a t were not addressed in th is  in v esti­
gation may be answered in future stud ies.
Several gear features did not have s ig n ifican t correlation 
coefficien ts with dimensional d is to rtio n s . When step-wise multiple 
regression was used, however, the contribution of such features 
could be determined. For example, a non-significant correlation 
coeffic ien t was found between helix angle and tooth thickness 
d is to rtion  fo r helical gears in group one. These findings also 
indicated th a t about 14% of tooth thickness d is to rtio n  was due to 
cumulative variations in the gear working pressure angle and helix 
angle (see Table 4 ). Therefore, the tooth thickness d isto rtion  
th a t was a re su lt of variation in helix angle could also be 
determined.
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Such findings (s ig n ifican t or non-significant) provide a 
valuable reference in the adjustment of gear size  p rio r to heat 
treatm ent (green size) fo r control of gear d is to rtio n s . The extent 
of usefulness of these findings, nevertheless, requires future 
experimental investigations. This requirement is  underscored by 
the fa c t th a t only a portion of the reported gear d isto rtions were 
due to  varia tion  in the gear featu res. Specifically , only 35% of 
gear tooth thickness d isto rtion  (for helical gears) resulted  from 
variations in fea tu res , and the remaining 65% was due to unaccounted 
fa c to rs .
Conclusions and Implications
Conclusions
This investigation  determined the relationship  between selected 
(helical or spur) gear features and d isto rtions due to heat treatm ent. 
The review of l i te ra tu re  indicated th a t identical gears may only be 
used to  determine the behavior of a gear with complex features a f te r  
heat treatm ent. By using p ilo t  lo t  information th a t was collected 
from a gear manufacturing operation, th is  study was able to determine 
rela tionsh ips fo r a varie ty  of gears with complex but not identical 
fea tu res . Based on the findings of th is  study, i t  was concluded 
th a t several gear dimensional d isto rtions could be determined p rior 
to heat treatm ent by using gear features as predictors. For example, 
fo r spur gears composed of steel with a grade number 1518 th a t are 
to be heat trea ted  in process 10 with cold oil as a quenching medium, 
an increase in every un it of cu tte r  pressure angle would re su lt in
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-.0010201 m illim eter p ro file  d is to rtio n . Such findings contradict 
the l i te ra tu re  by using the h isto rica l information of sim ilar (but 
not identical.) gears and determining d is to rtio n s . This contradiction 
may be due to  the data base system tha t was developed and used to 
sto re  and re trieve  h isto rical gear information.
The findings indicate th a t only a portion of the gear d isto rtions 
was associated with the variations in gear fea tu res. The inclusion 
of more gear f i le s  and expansion of the data base, however, will 
increase these portions and will re su lt in s t i l l  more accurate 
prediction of gear d is to rtio n s .
The approximate body/tooth volume ra tio  th a t was a calculated 
value and was used as a gear fea tu re , could serve as a means of 
determining the d isto rtion  of other parts with sim ilar s te e l .  For
example, fo r helical gears in group one, i t  was determined th a t with
an increase in each un it of th is  ra t io , the tooth thickness d isto rtion  
decreased .002589 m illim eter. The approximate body/tooth volume 
ra tio  is  an independent value th a t indicates the amount of gear body 
th a t is  exposed to one gear tooth. Therefore, fo r other stee l gears 
(bevel, ring , or herringbone) th a t meet the charac teristics of helical 
gears in group one, the dimensional d isto rtions could be determined
by using the volume ra tio s  of those gears.
Implications
Based on the resu lts  of th is  study (analysis of data and the 
review of l i te ra tu re ) ,  the following implications seem ju s tif ie d :
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1. The use of steel cylinders and/or simple gears in the 
investigation of d is to rtio n s, due to heat treatm ent, is  not an 
effec tive  method to accurately predict d isto rtion  of gears with 
complex fea tu res.
2. The study of one gear feature and the d isto rtion  associated 
with th a t feature is  not an effective  method of accurately predicting 
gear dimensional d isto rtions.
3. The number of t r ia l  and erro r e ffo rts  can be reduced sig ­
n ifican tly  by using reference points obtained from findings of th is  
investigation .
4. The findings of th is  study can be used to pred ict the 
d isto rtions of experimental parts developed in a manufacturing 
industry.
5. The establishment of relationships between volume ra tio s 
and d isto rtions can be used in predicting d isto rtion  of other heat 
trea ted  p arts .
6. The establishment of relationships between gear features 
and d isto rtions can be used in designing gears and in the selection 
of more appropriate gear m aterials.
7. The data base system used in th is  study can be used in 
studying chemical composition of steel m ateria ls, as well as 
providing a reference point for solving m etallurgical problems.
Before taking action on the findings and implications of th is  
study, the reader should be aware of the lim ita tions and assumptions 
surrounding the findings.
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Recommendations fo r Future Study
A favorite  cliche in research is  th a t every investigation raises 
more questions than i t  answers (Fox, 1978). Such questions tha t 
future gear investigators may find challenging are addressed below.
1. How could an experimental investigation apply the findings 
of th is  study in determining gear d isto rtions?
2. Could a sim ilar computerized data base system determine 
d isto rtions for other heat treated  parts (e .g .,  sh a fts , compound 
gears, bevel gears, ring gears, and round steel bars)?
3. How do chemical composition of s tee ls  used in producing 
gears a ffe c t the d isto rtion  of gears?
4. What are the relationships between selected gear features 
and d isto rtions (due to heat treatment) fo r helical and spur gears 
th a t are composed of sim ilar m aterials, regardless of the type of 
heat treatment?
5. What are the relationships between selected gear features 
and d isto rtions (due to heat treatment) fo r helical and spur gears 
th a t are trea ted  in the same heat tre a t  process, regardless of types 
of m aterials?
6. What are the relationships between selected gear features 
and d isto rtions (due to heat treatment) fo r helical and spur gears 
regardless of the grade of steel and heat treatment process?
7. How could the findings of th is  study be used in designing 
helical or spur gears?
8. Can the approximate body/tooth volume ra tio  be used in 
determining the d isto rtion  of other heat treated  steel parts?
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9. Can other calculated ra tio s  (sim ilar to the approximate 
body/tooth volume ra tio ) be determined and used as predictors for 
gear d isto rtions?
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APPENDIX A
APPROXIMATION OF BODY/TOOTH VOLUME RATIO
The following presents the procedures used to  approximate the 
body/tooth volume ra t io :
1. The volume of the main cylinder (VI) from which the gear 
w ill be manufactured is  calculated using gear outside diameter (OD) 
and gear tooth width (TW).
I l lu s tra tio n  1
VI OD
OD x n 
Vi = ------------  x TW
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2. A second volume (V2) is. calculated using gear root diameter 
(RD) and gear tooth width.
RD x n
I llu s tra tio n  2
Y2
RD
V2 = x TW
3. By subtracting V2 from VI, the volume of the portion 
containing the gear teeth  (V3) will be obtained.
I llu s tra tio n  3
V4 = V3/2
3 3 7
V5
V5 = V4/N
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4. By dividing V3 by 2, an approximate value of a ll  gear teeth 
is  obtained (V4). Note: In theory, i f  the amount of shaving between 
each two teeth  equals the volume of one gear tooth , th is  value will 
be exact.
5. To calcu late  the volume of one gear tooth (V5), V4 is  
divided by number of gear teeth (see I l lu s tra tio n  3).
6. The body volume of the gear (V8) is  considered the area of 
the gear from gear root diameter down to the gear bore diameter 
(see I l lu s tra tio n  4 ). To calculate  th is  volume, f i r s t ,  the root 
diameter and gear tooth width are used to obtain the to ta l volume 
of the gear body and bore (V6). Then the volume of the gear bore 
(V7) is  calculated using bore diameter (BD) and tooth width.
I l lu s tra tio n  4
V7
V6 V8
BD x 1
V6 = V2. V7 x TW
4 4
V8 = V6 - V7
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7. By subtracting V7 from 76, the volume of gear body (V8) 
approximated (see I llu s tra tio n  4 ). Dividing V8 by the number of 
gear teeth  re su lts  in the volume of gear body which is  exposed to 
one gear tooth (V9).
8. The approximate body per tooth volume ra tio  (R) is  the 
ra tio  of gear body per tooth volume (V9) to the volume gear tooth 
(V5) (see I l lu s tra tio n  5).
I l lu s tra tio n  5
R = 79/75
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
I l lu s tra tio n s  6 and 7 present sequential steps required to 
approximate body/tooth volume ra t io .
I l lu s tra tio n  6
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I llustration  7
a
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APPENDIX B 
TEXT FILE FORMAT
File Format: Random Access
Length of Record: 15 Characters
Length of Each F ile: 5 Sectors
Record Record
Number Item Saved Number Item Saved
1 Code of Measurements 29 Spline Ave. Change
2 Part Name (F irs t 15 Char.) 30 O.D. Max. Change
3 Part Name (Remaining Char.) 31 O.D. Min. Change
4 Part Number 32 O.D. Ave. Change
5 Part Material 33 Bore Max. Change
6 Heat Treat Type 34 Bore Min. Change
7 Teeth H.T. 35 Bore Ave. Change
8 Gear Width 36 Lead (Top) Max. Change
9 Gear O.D. 37 Lead (Top) Min. Change
10 Part Overall Length 
Number of Teeth (Gear)
38 Lead (Top) Ave. Change
11 39 Lead (Bottom) Max. Change
12 Normal Module (Pitch) 40 Lead (Bottom) Min. Change
13 Base Circle 41 Lead (Bottom) Ave. Change
14 Mean Root Diameter 42 Profile (Right) Max. Change
15 Helix Angle 43 Profile (Right) Min. Change
16 Pressure Angle 44 Profile (Right) Ave. Change
17 Number of Teeth (Spline) 45 Profile (Left) Max. Change
18 Spline Module 46 Profile (Left) Min. Change
19 Spline Pressure Angle 47 Profile (Left) Ave. Change
20 Spline Root Diameter 48 Crown (Top) Max. Change
21 Case Depth 49 Crown (Top) Min. Change
22 Min. Depth After Finish 50 Crown (Top) Ave. Change
23 # of Gears Checked for T.T. 51 Crown (Bottom) Max. Change
24 Tooth Thickness Max. Change 52 Crown (Bottom) Min. Change
25 Tooth Thickness Min. Change 53 Crown (Bottom) Ave. Change
26 Tooth Thickness Ave. Change 54 Tooth Volume
27 Spline Max. Change 55 Body per Tooth Volume
28 Spline Min. Change 56 Tooth/Body Volume Ratio
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APPENDIX C
THE MENU OF CLASSIFIERS
CATEGORY 1 CATEGORY 2
(1) Part Name (A) Tooth Thickness
(2) Part Material (B) Spline Measurement
(3) Type of Heat Treat (C) Bore Measurement
(4) Gear Tooth Number (D) Outside Diameter
Measurement
(5) Pressure Angle (E) Lead Measurement
(6) Helix Angle (F) Profile  Measurement
(7) Module/Pitch (G) Crown Measurement
(8) Part Outside Diameter Tooth - Body
(9) Bore Volume Ratios
(10) Tooth Width
(11) Overall Part Length
(12) Spline Teeth Number
(13) Spline Module (Pitch)
(14) Spline Pressure Angle
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APPENDIX D
KEYS TO THE CHARACTER CODES OR 
DATA POINTS FOR HELICAL AND SPUR GEARS
HELICAL GEARS
Files in
Categories of Each Data 
Data Points Point
Part Material (Ml) 1524 123
(M2) 8620 22
(M3) 4023 13
(M4) 4118 18
Heat Treatment
& Quench (Tl) 9+30 (C) 30
(C—Cold Oil) (T2) 10 (H) 38
(H—Hot Oil) (T3) 10 (C) 39
(H/C—Hot/Cold Oil) (T4) 10 (H/C) 46
(T5) 20 (C)
Categories of Files in
Data Points Range Each Range
I I I .  Pressure Angle (PI) 14.0-19.5 20
(P2) 20.0-20.9 24
(P3) 21.0-21.9 21
(P4) 22.0-23.5 30
(P5) 24.0-24.9 21
(P6) 25.0-25.9 30
(P7) 26.0-28.5 36
(P8) 29.0-33.5 23
IV. Helix Angle (HI) 14.0-19.5 36
(H2) 20.0-24.9 25
(H3) 25.0-26.9 20
(H4) 27.0-27.9 37
(H5) 28.0-28.9 13
(H6) 29.0-29.5 57
(H7) 30.0-31.5 24
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Categories of Files in
Data Points Range Each Range
V. Gear Module (Dl) 2 .0 - 2.9 23
(D2) 3 .0- 3.5 31
(D3) 3 .6 - 3.95 52
(D4) 4 .0 - 4.5 66
(D5) 5 .9- 5.4 39
VI. Tooth Width (Wl) 12.0- 19.0 20
(W2) 21 .0 -30 .5  35
(W3) 3 1 .0 -40 .7  63
(W4) 41 .0 -4 9 .9  34
(W5) 50.0- 59.0 47
(W6) 60.0- 69.0 11
VII. Outside Diameter (01) 60.0- 99.0 17
(02) 100.0-129.9 36
(03) 130.0-159.0 37
(04) 160.0-175.9 33
(05) 177.0-200.0 33
(06) 206.0-245.0 28
(07) . 375.0-up 21
VIII. Overall Length (LI) 1 2 .0 -31 .0  15
(L2) 32.0- 40.0 16
(L3) 41 .0 -5 0 .9  41
(L4) 4 1 .0 -5 6 .0  39
(L5) 57.0- 59.9 31
(L6) 60.0- 76.0 22
(L7) 83.0- 97.0 31
(L8) 115.0-184.0 24
IX. Bore (Bl) 9 .0 - 37.0 17
(B2) 38.0- 39.0 20
(B3) 40.0- 44.9 25
(B4) 45.0- 51.9 29
(B5) 56.0- 64.9 29
(B6) 65.0- 69.9 24
(B7) 70.0- 78.0 30
(B8) 80.0- 90.0 29
(B9) 107.0-up 16
X. Spline Number of Teeth (Nl) 8 .0 - 20.0 16
(N2) 22.0- 23.0 27
(N3) 24.0- 30.0 20
(N4) 33.0- 40.0 16
(N5) No spline 133
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Categories of Files
Data Points Range Each Re
XI. Spline Pressure Angle (El) 30.0 77
(EO) No spline 133
XII. Spline Module (SI) 1.5- 1.6 39
(S2) 2.1- 4.17 36
(S3) No spline 133
XIII. Volume Ratios (VI) 0 .5- 1.9 16
(V2) 2.0- 3.9 57
(V3) 4.0- 5.9 32
(V4) 6.0- 7.9 31
(V5) 8.0-10.9 21
(V6) 11.0-14.9 25
(V7) 16.0-28.9 19
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
94
II .
SPUR GEARS
Files in
Categories of Each Data
Data Points Poi nt
Part Material (Ml) 1524 45
(M2) 8620 54
(M3) 4023 33
(M4) 1518 30
Heat Treatment
& Quench (Tl) 9+30 (C) 38
(C—Cold Oil) (T2) 10 (H) 56
(H—Hot Oil)
(H/C—Hot/Cold Oil)
(T3) 10 (C) 55
I I I .  Pressure Angle
IV. Module
V. Tooth Width
VI. Outside Diameter
Categories of Files in
Data Points Range Each Range
(PI) 14.0 - 17.0 6
(P2) 20.0 - 21.0 130
(P3) 25.0 - 26.0 35
(P4) 28.0 - 31.0 5
(Dl) 2.0 -  2.6 40
(D2) 2.7 -  3.0 30
(D3) 3.3 - 4.85 37
(D4) 4.86- 4.9 22
(D5) 5.0 -  5.99 27
(D6) 6.0 -  7.9 13
(Wl) 13.0 - 20.0 20
(W2) 20.0 - 30.0 48
(W3) 30.0 - 40.0 22
(W4) 40.0 - 50.0 27
(W5) 50.0 - 66.0 21
(W6) 70.0 - 86.0 23
(W7) 96.0 -121.0 20
(01) 38.0 - 85.0 36
(02) 86.0 -100.0 22
(03) 100.0 -111.0 36
(04) 114.0 -127.0 23
(05) 130.0 -150.0 20
(06) 150.0 -203.0 36
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Categories of 
Data Points Range
Files in 
Each Range
VII. Overall Length (LD 13.0 - 25.0 33
(L2) 25.0 -  40.0 28
(L3) 41.0 - 49.0 21
(L4) 50.0 -  74.0 28
(L5) 75.0 -  98.0 31
(L6) 100.0 -158.0 37
VIII. Bore (Bl) 14.0 -  35.0 26
(B2) 35.0 - 40.0 27
(B3) 40.0 - 44.0 27
(B4) 45.0 - 50.0 38
(B5) 51.0 - 69.0 43
(B6) 91.0 -118.0 15
IX. Spline Number of Teeth CN1) 14.0 -  17.0 22
(N2) 17.0 - 20.0 17
CN3) 20.0 - 23.0 36
(N4) 24.0 - 27.0 24
(N5) 27.0 - 36.0 38
(N6) No spline 37
X. Spline Pressure Angle (El) 30.0 142
(EO) No spline 37
XI. Spline Module (SI) 1.5 - 1.6 ' 70
(S2) 2.0 -  2.66 26
(S3) 2.66- 3.2 21
(S4) 16.0 - 17.0 20
XII. Volume Ratios (VI) 0.4 -  2.0 34
(V2) 2.0 - 3.0 18
(V3) 3.0 -  4.0 51
(V4) 4.0 -  5.1 21
(V5) 5.0 - 6.0 37
(V6) 6.0 -  13.0 18
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APPENDIX F
AN EXAMPLE OF COMPUTER OUTPUT REPRESENTING THE RELATIONSHIP OF ONE 
CRITERION VARIABLE AND SEVEN VARIABLES (HELICAL GEARS)
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APPENDIX G
THE MEANS AND STANDARD DEVIATIONS FOR HELICAL GEAR FEATURES AND 
DISTORTIONS THAT HAD SIGNIFICANT RELATIONSHIPS
Variable Mean Standard Deviation
Working Pressure Angle 24.05550 3.72830
Module 3.94066 0.51857
Outside Diameter 200.41370 104.14030
Tooth Width 34.37220 10.10160
Bore 56.09540 17.28030
Volume 8.75980 7.04060
Tooth Thickness 0.04480 0.03980
Volume 7.99610 6.97970
Spline Tooth Thickness 0.02280 0.06360
Outside Diameter 159.53680 74.44360
Outside Diameter (D istortion) 0.03040 0.04180
Outside Diameter 158.34400 78.37800
Bore (Distortion) 0.01190 0.13130
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APPENDIX H
PEARSON CORRELATION COEFFICIENTS FOR SELECTED HELICAL GEAR 
TEATURES AND ASSOCIATED DISTORTIONS (GROUP ONE)
Selected Features
Distortions W.P.A. H.A. Module O.D. T.W. Bore Volume
Tooth Thickness 
(N1 = 41)
a) .373
b) .008
-.162
.157
.354
.012
-.439
.002
.393
.005
.297
.030
-.458
.001
Lead Top 
(N1 = 41)
a ) - .116
b) .235
.225
.078
.141
.189
.023
.444
.214
.089
-.116
.236
-.019
.454
Lead Bottom 
(N1 = 41)
a ) - .248
b) .402
.117
.137
.397
.055
.141
.234
■.219
.210
-.131
.206
.174
.216
Profile  Right 
(N1 = 29)
a ) - .048
b) .402
.210
.137
.303
.055
■.140
.234
.156
.214
-.158
.206
-.124
.261
Profile  Left 
(N1 = 5)
a ) - . I l l
b) .430
.259
.337
.021
.487
-.197
.376
.512
.189
.564
.161
-.235
.352
KOLD
APPENDIX H (Continued)
Selected Features
Distortions W.P.A. H.A. Module O.D. T.W. Bore Volume
Crown Top 
(N1 = 2) S i : : : : ------ ------ ------ ------ ------
Crown Bottom 
(N1 » 2) S i : : : : n n H t , „ _ _ „ ----- M  M  M  M
Spline Thickness 
(N1 = 28)
a) .188
b) .169
.338
.039
.133
.251
-.547
.001
.549
.001
.496
.004
-.547
.001
Outside Diameter 
(N1 » 22)
a ) - .090
b) .346
.171
.224
-.065
.388
.354
.053
.015
.473
-.177
.215
.334
.064
Bore
(N1 = 20)
a ) - .036
b) .440
.231
.164
.056
.407
-.103
.332
.152
.261
.137
.282
-.125
.300
Number of p ilo t lo ts  1n group one, N = 45 
N1 = Number of reported cases 
a = Coefficient 
b = Significance
W.P.A. = Working Pressure Angle
H.A. = Helix Angle
O.D. = Outside Diameter
T.W. = Tooth Width
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APPENDIX I
THE MEANS AND STANDARD DEVIATIONS FOR SPUR GEAR FEATURES AND 
DISTORTIONS THAT HAD SIGNIFICANT RELATIONSHIPS
Variable Mean Standard Deviation
Outside Diameter 89.6464 20.86870
Volume 4.7423 2.34110
Tooth Thickness 0.0276 0.01640
Cutter Pressure Angle 20.7826 2.13110
Lead Bottom 0.0005 0.00990
Cutter Pressure Angle 22.5714 3.35940
Module 2.8800 0.63116
Outside Diameter 90.3040 35.57050
Volume 4.6900 3.91620
Profile  Right -0.0104 0.00630
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APPENDIX J
PEARSON CORRELATION COEFFICIENTS FOR SELECTED SPUR GEAR 
FEATURES AND ASSOCIATED DISTORTIONS (GROUP TWO)
Distortions P.A. H.A.
Selected Features
Module O.D. T.W. Bore Volume
Tooth Thickness 
(N1 = 22)
a ) - .001
b) .499
.266
.156
-.502
.009
.316
.076
-.150
.076
-.458
.016
Lead Top 
(N1 = 23)
a ) - .218 
b .159
.148
.250
.109
.311
.324
.066
.240
.135
.011
.480
Lead Bottom 
(N1 = 23)
a ) - .544
b) .004
-.289
.090
.256
.119
-.129
.279
■.145
.254
.138
.265
Profile  Right 
(N1 » 7)
Profile  Left 
(N1 -  2)
a) .803
b) .015
i] ::::
.706
.038
■.855
.007
.656
.055
-.383
.198
-.760
.024
20 
L
Reproduced 
with 
perm
ission 
of the 
copyright ow
ner. 
Further reproduction 
prohibited 
without perm
ission.
APPENDIX J (Continued)
Selected Features
Distortions P.A. H.A. Module O.D. T.W. Bore Volume
Crown Top a) -.715 .715 .000 .244 .963 .715
(N1 = 3) b) .247 .247 .500 .422 .087 .247
Crown Bottom a) .225 -.225 .000 -.728 -.956 -.225
(N1 -  3) b) .428 .428 .500 .240 .094 .428
Spline Thickness a) .092 . . . . .187 .126 .120 .152 -.034
(N1 -  16) b) .367 — .244 .321 .343 .287 .451
Outside Diameter a) .351 . . . . -.406 .198 -.337 -.158 .008
(N1 = 14) b) .109 - - - - .075 .248 .119 .295 .489
Bore a) .398 .398 .240 .310 -.937 .436
(N1 = 3) b) .370 ---------------- .370 .423 .400 .114 .356
Number of p ilo t lo ts  in 
N1 = Number of reported 
a = Coefficient 
b = Significance
group two, N 
cases
= 29 P.A. 
H.A. 
O.D. 
T.W.
= Pressure Angle 
= Helix Angle 
= Outside Diameter 
= Tooth Width
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